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Abstract 
Nonregular condensed systems with polyatomic impurity particles are considered in this paper. The calcula-

tion of the thermodynamic characteristics of the system, including the change in entropy of nonregular condensed 

systems upon the introduction of polarizable, charged polyatomic impurity particles is carried out. The change in 

the system's free energy and its dependence on temperature is calculated in order to determine the change in en-

tropy of the system. A Green's function apparatus is used to perform the calculations. 
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Nonregular condensed systems with polyatomic 

impurity particles are considered [1 – 10]. This paper 

calculates the thermodynamic characteristics of the sys-

tem, including the change in entropy of nonregular con-

densed systems [4 –7] upon the introduction of polariz-

able, charged polyatomic impurity particles. Naturally, 

to calculate the change in entropy of the system, it is 

necessary to calculate the change in the system's free 

energy and its dependence on temperature. 

To calculate the thermodynamic characteristics of 

condensed systems with impurity particles, the appa-

ratus of temperature Green functions for nonregular 

condensed systems is convenient, allowing one to take 

into account the effects of frequency and spatial disper-

sion of the system and the specifics of the interaction of 

impurity particles with the medium. 

The total change in the free energy of nonregular 

condensed system upon the introduction of impurity 

particles includes the following components:  

1. Work associated with the formation of the cav-

ity containing the impurity particle. 

2. Free energy associated with the translational 

and rotational motion of the particle as a whole. 

3. Electrostatic energy associated with the interac-

tion of the impurity particle with the medium. 

As a rule, the last term contributes the largest 

change in the free energy of a system upon the intro-

duction of an impurity into a condensed system. It is 

this change in the system's free energy that provides the 

main contribution to the change in the system's entropy, 

which is calculated in this work. 

It must be taken into account that the temperature 

dependence of the free energy of the system is not only 

explicit but also implicit. In particular, the characteris-

tic correlation lengths of polarization fluctuations in the 

medium of complex condensed systems depend on 

temperature. For a system model that takes into account 

the interaction of polarization fluctuations in the me-

dium with the static field of an impurity particle, this 

dependence can be present through the temperature de-

pendence of the system's permittivity. 

1. Hamiltonian of nonregular condensed sys-

tem with polyatomic impurity particle  

The Hamiltonian of a system in which a charged 

impurity particle is located in a condensed medium can 

be represented as: 

𝐻 =  𝐻𝑚 + ℋ𝑝 −
1

2
∫ 𝑑𝑟〈𝑃⃑⃑(𝑟)〉𝐸⃑⃑(𝑟, 𝑄) −

∫ 𝑑𝑟𝛿𝑃⃑⃑(𝑟)𝐸⃑⃑(𝑟, 𝑄) (1)  

Here 𝐻𝑚 - is the Hamiltonian of polarized me-

dium, ℋ𝑝 is the Hamiltonian of the impurity particle, 

〈𝑃⃑⃑(𝑟)〉 - is the average polarization of the medium, 

𝛿𝑃⃑⃑(𝑟) - is fluctuation of polarization of the medium, 

𝐸⃑⃑(𝑟, 𝑄) - is the electric field strength of the impurity, 𝑄 

are the coordinates of the intramolecular vibrations of a 

particle.  

According to the fluctuation-dissipation theory, 

the Fourier component over time of the average polari-

zation of the system can be represented through the 

Green function as follows: 

〈𝑃⃑⃑(𝑟, 𝜔)〉 =  − ∫ 𝑑𝑟′⃑⃑⃑𝐺𝑃𝛼𝑃𝛽
(𝑟,⃑⃑⃑ 𝑟′⃑⃑⃑⃑ ; 𝜔) 𝐸𝛽(𝑟′⃑⃑⃑⃑ ; 𝜔) (2) 

where 𝐺𝑃𝛼𝑃𝛽
(𝑟,⃑⃑⃑ 𝑟′⃑⃑⃑⃑ ; 𝜔) is the Fourier component 

over time of the Green function of the medium polari-

zation operators. 

After simple transformations, the Hamiltonian of 

the system can be represented as 

𝐻 =  𝛿𝛺0 +  𝐻𝑝 +  𝐻𝑚 + 𝐻𝑖𝑛𝑡
1 +  𝐻𝑖𝑛𝑡

2  (3)  

Here 𝐻𝑝 - is the Hamiltonian of polarized particle, 

𝐻𝑚 is the Hamiltonian of polarized medium, 𝐻𝑖𝑛𝑡
1  is the 

Hamiltonian of the interaction of polarization fluctua-

tions of the medium with the static field of an impurity 

particle:  

𝐻𝑖𝑛𝑡
1 =  − ∫ 𝑑𝑟𝛿𝑃⃑⃑(𝑟)𝐸0

⃑⃑⃑⃑⃑(𝑟) ;  𝐸0
⃑⃑⃑⃑⃑(𝑟) = 𝐸⃑⃑(𝑟,⃑⃑⃑ 𝑄 = 𝑄0) 

(4) 

In the formula (3) 𝐻𝑖𝑛𝑡
2  is the Hamiltonian of the 

interaction of polarization fluctuations of the medium 

with intramolecular vibrations of the impurity  

 𝐻𝑖𝑛𝑡
2 =  − ∑ ∫ 𝑑𝑟𝑣⃑𝑛(𝑟)𝑛 𝛿𝑃⃑⃑(𝑟)𝛿𝑄𝑛 (5) 

In formula (3) 𝛿𝛺0 is the free energy of solvation 

of the particle, equal to  

𝛿𝛺0 =  
1

2
∫ 𝐸𝛼(𝑟,⃑⃑⃑ 𝑄 = 𝑄0) 𝐺𝑃𝛼𝑃𝛽

(𝑟,⃑⃑⃑ 𝑟′⃑⃑⃑⃑ ; 𝜔 =

0)𝐸𝛽 (𝑟′,⃑⃑ ⃑⃑ 𝑄 = 𝑄0) 𝑑𝑟𝑑𝑟′ (6) 
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The Hamiltonian 𝐻𝑚 differs from the Hamiltonian 

of an unpolarized medium by the value  

𝛿𝐹𝑚 =  
1

2
∫ 𝑑𝑟〈𝑃⃑⃑(𝑟)〉𝐸⃑⃑(𝑟, 𝑄) (7) 

Within the framework of the linear response the-

ory [4-5], the average polarization of the medium can 

be expressed through the strength of the electric field 

created by a polarized impurity particle, as a result for 

𝛿𝐹𝑚 we have 

𝛿𝐹𝑚 =  
1

2
 ∫ 𝐸𝛼(𝑟,⃑⃑⃑ 𝑄) 𝐺𝑃𝛼𝑃𝛽

(𝑟,⃑⃑⃑ 𝑟′⃑⃑⃑⃑ ; 𝜔 =

0)𝐸𝛽 (𝑟′,⃑⃑ ⃑⃑ 𝑄) 𝑑𝑟𝑑𝑟 (8) 

2. Free energy of nonregular condensed sys-

tem with polyatomic impurity particle  
The free energies of a condensed system with a 

polyatomic impurity particle 𝛿𝛺0 and 𝛿𝐹𝑚 differ by the 

difference in the free energies of the impurity in the 

solvated state and in vacuum. 

𝛿𝛺0 − 𝛿𝐹𝑚 = 𝑘𝑇𝑙𝑛 ∏ 2𝑠ℎ(𝛽𝜔𝑛 2⁄ ) 𝑁
𝑛=1 −

 𝑘𝑇𝑙𝑛 ∏ 2𝑠ℎ(𝛽𝜔𝑛0 2⁄ ) 𝑁
𝑛=1 + 𝐽0 (9) 

Where 𝜔𝑛 and 𝜔𝑛0 are frequencies of the n-th in-

tramolecular vibration of the particle in a solvated state 

and in vacuum, 𝐽0 is the difference between the minimal 

energies of a particle in a solvated state and in a vac-

uum.  

As a result, the electrostatic part of the change in 

the free energy of the system, associated with the intro-

duction of a polyatomic polarizable impurity particle 

into the condensed medium, is written in the form  

𝛿𝛺 =  𝛿𝛺0 + 𝛿𝐹𝑚 + 𝛿𝛺1 +  𝛿𝛺2 (10) 

where 𝛿𝛺1 and 𝛿𝛺2 are the changes in the free en-

ergy of the system associated with the interactions 𝐻𝑖𝑛𝑡
1  

and 𝐻𝑖𝑛𝑡
2 , and 𝛿𝛺0 is free energy of solvation of a par-

ticle.  

The retarded Green function of the polarization 

operators of the system in the case of the Debye approx-

imation can be represented as  

 𝐺𝑅(𝑟,⃑⃑⃑ 𝑟′⃑⃑⃑⃑ ; 𝜔) =  (𝐶0 4𝜋 ⁄ )[𝛾0 (𝛾0 + 𝑖𝜔)⁄ ] (11) 

Where, 𝛾0 is a characteristic parameter of the sys-

tem, and 𝐶0 is a dimensionless constant equal to the dif-

ference between the reciprocals of the permittivities to 

the right and left (on the energy scale) of the corre-

sponding absorption peak of the system. 

3. Entropy of the system 

If we do not take into account the temperature de-

pendence of the correlation lengths of the polarization 

fluctuations of the medium on the temperature, then the 

change in the entropy of the system associated with the 

interaction of the polarization fluctuations of the me-

dium with the static field of the impurity can be repre-

sented in the form 

𝛿𝑆1 =  (𝛿𝛺1 𝐶0⁄ )(𝜕𝐶0 𝜕𝑇⁄ ) (12) 

where T is the temperature of the system.  

The change in the entropy of a system caused by 

the interaction of polarization fluctuations of the me-

dium with intramolecular vibrations of the impurity 

particle 𝐻𝑖𝑛𝑡
2 , as well as the polarizability of the medium 

and impurity 𝛿𝛺0 + 𝛿𝐹𝑚 can be calculated for specific 

models of the Green functions of the medium's polari-

zation fluctuation operators.  

For the pole approximation of the Green function 

𝐺𝑃𝛼𝑃𝛽
, we obtain for the change in the entropy of the 

system: 

𝛿𝑆2 =  (𝑘 2⁄ )𝑙𝑛[1 − (𝑈(0) 𝜔𝑠⁄ )] − (𝑘𝑇 2⁄ )[1 (𝜔𝑠 − 𝑈(0))⁄ ] ∑(𝜕 𝜕𝑇⁄ )

𝑚

𝑖=1

(𝑈𝑖 𝜔𝑖⁄ )

+ 𝑘𝑙𝑛 ∏ 𝛤[1 − (𝜔̅𝑗 2𝜋𝑘𝑇⁄ )]

𝑚+2

𝑗=1

− 𝑘𝑙𝑛 ∏ 𝛤[1 − (𝜔𝑖 2𝜋𝑘𝑇⁄ )]

𝑚

𝑗=1

− (1 2𝜋⁄ ) ∑ {[(𝜕𝜔̅𝑗 𝜕𝑇⁄ ) − (𝜔̅𝑗 𝑇⁄ )]𝜓[1 − (𝜔̅𝑗 2𝜋𝑘𝑇⁄ )]}

𝑚+2

𝑗=1

+ (1 2𝜋⁄ ) ∑{[(𝜕𝜔𝑖 𝜕𝑇⁄ ) − (𝜔𝑖 𝑇⁄ )]𝜓[1 − (𝜔𝑖 2𝜋𝑘𝑇⁄ )]} + 𝑘[𝑙𝑛(𝑘𝑇 𝜔𝑠⁄ ) − 1]

𝑚

𝑖=1

+ 𝑘𝑙𝑛[2𝑠ℎ(𝜔𝑠 2𝑘𝑇⁄ )] − (𝜔𝑠 2𝑇⁄ ) 𝑐𝑡ℎ(𝜔𝑠 2𝑘𝑇⁄ ) + (𝜕𝐽0 𝜕⁄ ) 

(13) 

Here, [1 − (𝜔̅𝑗 2𝜋𝑘𝑇⁄ )] denotes the 𝛤 -function, 

and [1 − (𝜔̅𝑗 2𝜋𝑘𝑇⁄ )]denotes the 𝜓 function.  

In formula 10.70, U(0) is the renormalized inter-

action of intramolecular vibrations of the impurity 

through the medium at zero frequency. For the pole ap-

proximation of the polarization fluctuation operators of 

the medium, the renormalized interaction is defined as 

𝑈(𝜔𝑛) =  ∑ [𝑢𝑖 (𝜔𝑖 − |𝜔𝑛|)⁄ ]𝑚
𝑖=1  (14)  

Here 𝑢𝑖 and 𝜔𝑖 are experimental constants, m is 

the number of poles of the Green function of the oper-

ator of intramolecular vibrations of the impurity. 

In formula 10.70, 𝜔𝑠 is the frequency of the intra-

molecular vibration of the impurity particle. 

In formula 10.70, the derivatives 𝜕𝜔̅𝑗 𝜕𝑇⁄ cannot 

always be determined analytically. In this case 𝜕𝜔̅𝑗 𝜕𝑇⁄  

can be determined numerically, just like the frequen-

cies.  

For the Debye approximation of the frequency de-

pendence of the Green function of the polarization op-

erators of the medium for changes in the entropy of the 

system, we obtain 
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𝛿𝑆2 =  (𝜔𝑠 2𝑘𝑇⁄ )𝑙𝑛(1 − ǽ) − (𝑘𝑇 2⁄ 𝜔𝑠)[1 (1 − ǽ)⁄ ][𝜕𝑈(0) 𝜕𝑇⁄ ]

+ 𝑘𝑙𝑛 ∏ 𝛤[1 − (𝜔̅𝑗 2𝜋𝑘𝑇⁄ )]

3

𝑗=1

− 𝑘𝑙𝑛𝛤[1 − (𝛾0 2𝜋𝑘𝑇⁄ ) + 𝑘𝑙𝑛[(𝑘𝑇 𝜔𝑠⁄ ) − 1]]

+ 𝑘𝑙𝑛2𝑠ℎ(𝜔𝑠 2𝑘𝑇⁄ ) − (𝜔𝑠 2𝑇⁄ )𝑐𝑡ℎ(𝜔𝑠 2𝑘𝑇⁄ )

− (1 2𝜋⁄ ) ∑[(𝜕𝜔𝑗̅̅ ̅ 𝜕𝑇⁄ ) − (𝜔𝑗̅̅ ̅ 𝑇⁄ )]𝜓[1 − (𝜔𝑗̅̅ ̅ 2𝜋𝑘𝑇⁄ )]

3

𝑗=1

+ [(𝜕𝛾0 𝜕𝑇⁄ ) − (𝛾0 𝑇⁄ )]𝜓[1 − (𝛾0 2𝜋𝑘𝑇⁄ )] 

(15) 

Here, the coefficient of the coupling strength of in-

tramolecular vibrations with the medium is equal to 

ǽ =  − 𝐴𝐶0 4𝜋⁄  (16) 

Here, the coefficient 𝐴 for a spherically symmetric 

particle placed in a local homogeneous medium is equal 

to  

𝐴𝑠𝑠′ = −(8𝜋 3𝑟0
3⁄ )𝐶0(𝜕𝑑 𝜕𝑄⁄ )2 = - 

(8𝜋𝐶0 3𝑟0
3⁄ )𝜔0(𝜕𝑑 𝜕𝑞⁄ )2 (17) 

where 𝑟0 is the particle radius, 𝜔0 is the frequency 

of the intramolecular vibration, 𝜕𝑑 𝜕𝑞⁄  is the derivative 

dipole moment along the coordinate of the intramolec-

ular vibration.  

In an approximation in which the frequency de-

pendence of attenuation on temperature can be ne-

glected, for weak coupling with the medium, we have 

 𝜕𝜔2,3̅̅ ̅̅ ̅ 𝜕𝑇⁄ =

 [𝛾0𝜔𝑠
2 2(𝜔𝑠

2 + 𝛾0
2)⁄ ][𝜕ǽ(𝑇) 𝜕𝑇⁄ ] ∓

𝑖𝜔𝑠[𝛾0
2 2(𝜔𝑠

2 + 𝛾0
2)⁄ ][𝜕ǽ(𝑇) 𝜕𝑇⁄ ] (18) 

For an impurity particle placed in a local homoge-

neous isotropic medium, the parameter has the form 

[𝜕ǽ(𝑇) 𝜕𝑇⁄ ] =
 − 𝐴 2𝜋𝜔𝑠[(1 𝜀𝑟

2⁄ )(𝜕𝜀𝑟 𝜕𝑇⁄ ) − (1 𝜀𝑠𝑡
2⁄ )(𝜕𝜀𝑠𝑡 𝜕𝑇⁄ )]⁄  

(19) 

where 𝜀𝑟 and 𝜀𝑠𝑡 are the IR and static values of the 

permittivity of the medium. 

Conclusion 

Nonregular condensed systems with polyatomic 

impurity particles are considered. The thermodynamic 

characteristics of the system are calculated, including 

the change in entropy of nonregular condensed systems 

upon the introduction of polarizable charged polya-

tomic impurity particles into the system. To calculate 

the change in entropy of the system, the change in free 

energy of the system and its dependence on temperature 

are calculated. 

To calculate the thermodynamic characteristics of 

condensed systems with impurity particles, we used the 

apparatus of temperature Green functions for nonregu-

lar condensed systems. The calculations took into ac-

count the effects of frequency and spatial dispersion of 

the system and the specific interactions of the impurity 

particles with the medium. 

The paper notes that the main contribution to the 

change in the free energy of a system upon the intro-

duction of an impurity into a condensed system is the 

electrostatic component associated with the interaction 

of the impurity particle with the environment. It is this 

change in the free energy of the system that provides 

the main contribution to the change in the entropy of 

the system, which is calculated in this paper. 
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